In this paper, a new three-axis electromagnetically actuated micromirror structure has been proposed and fabricated. It is electromagnetically actuated at low voltage using an external magnetic field. The main purpose of this work was to obtain a three-axis actuated micromirror in a mechanically robust structure with large static angular and vertical displacement at low actuation voltage for fine alignment among optical components in an active alignment module as well as conventional optical systems. The mirror plate and torsion bars are made of bulk silicon using a SOI wafer, and the actuation coils are made of electroplated Au. The maximum static deflection angles were measured as ±4.2
Introduction
During the past few years, small optical systems have emerged not only for replacing current large optical systems but also for introducing new optical systems. In these small optical systems, alignment among optical components is critical to achieve a low signal loss since a small misalignment among them can induce a large signal loss in these systems [1] . To minimize the misalignment, several passive alignment methods were proposed such as optical bench [2] . However, fabrication errors may cause unacceptable coupling efficiency in the case of passive alignment schemes. Therefore, active alignment has been proposed using a MEMS micromirror [3] .
To achieve a large compensation value and high coupling efficiency between optical components in an active alignment, the micromirror should have a large static actuation angle. Previously, several MEMS micromirrors have been introduced for various applications such as optical switch [4] , optical scanner [5] , projection display [6] and alignment module, etc. However, most of the micromirrors reported to date have used electrostatic force actuation [7] [8] [9] [10] . In the case of electrostatic actuation, high actuation voltage is required for a large deflection angle, and most of them use the resonant mode to obtain this large deflection angle. This makes it difficult to be used as a micromirror in an active alignment system. In contrast, electromagnetic actuation can generate a relatively large force with a lower voltage even in a static mode, and several micromirrors reported previously used this actuation force [11] [12] [13] [14] . This large actuation force enables a large static deflection angle at low actuation voltage, and this large static actuation angle is much more useful for applying it to an active alignment module due to the greater misalignment it can compensate. Also, this large electromagnetic force actuation enables the micromirrors to have mechanically robust structures which ensure reliable operation in static mode operation. However, the previously reported electromagnetically actuated micromirrors only rotate around two axes (the x-axis and y-axis). Therefore, the light path between the light source and the micromirror should be quite accurately pre-aligned in most optical systems, even in active alignment modules adapting this two-axis actuated micromirror. It cannot have a full freedom of active alignment after they are assembled because micromirrors can only be actuated around the two axes and cannot align the light path between the light source and the micromirror as shown in figure 1(a) . Therefore, it is required that the micromirror has z-axis actuation in order to align the light path between the light source and the mirror plate as shown in figure 1(b) . Previously, several micromirrors which have z-axis actuation as well as x-axis and y-axis actuation have been introduced. However, electrostatically actuated micromirrors require high actuation voltage over 100 V [15, 16] and thermally actuated micromirror shows slow response time around 10 ms [17] . In this work, we have proposed a low-voltage threeaxis electromagnetically actuated micromirror. The proposed micromirror can actuate along the z-axis as well as around the x-axis and the y-axis. This additional degree of freedom with z-axis actuation can decrease the difficulty in the assembly of optical components and increase the coupling efficiency between optical components by aligning the light path between the light source and the micromirror in an active alignment module. Furthermore, this proposed three-axis actuated micromirror can be applied to complicated optical systems such as optical switch matrix as shown in figure 1(c) as well as simple optical systems such as the active alignment module and scanning display, etc. The proposed micromirror also uses electromagnetic actuation and we have used an external magnetic field to obtain large force at low voltage and at low power consumption.
In this paper, design, fabrication and experimental results of the three-axis electromagnetically actuated micromirrors will be presented.
Design and simulation
The proposed micromirror is actuated by Lorentz force using an external electromagnetic field as shown in figure 2. The micromirror structure consists of a gold-coated mirror plate, incorporated actuation coils, frame and cantilever-type actuators with actuation coils. The cantilever-type actuators are connected to the frame using lifting bars, and the frame is connected to the mirror plate using torsion bars. The mechanical structure is made of silicon. The coils are electroplated gold integrated on the mirror plate and cantilevertype actuators. There are two types of actuators in the micromirror. The actuator coils integrated on the mirror plate is used for y-axis actuation and the other coil actuators integrated on the cantilevers are used for x-axis and z-axis actuation. The coils on the mirror plate are connected to the pads on the frame through the torsion bars and lifting bars. Theses coils effectively increase the total thickness of torsion bars and lifting bars in the proposed structure and increasing the robustness. Figure 3 show the simulation results using ANSYS and they illustrate the operation principle of the proposed micromirror. The operation of the micromirror is determined by the direction of the current flowing in the coils on the mirror plate and the cantilever actuators. Among these coils, only the current component in the coils perpendicular to the magnetic field can induce a Lorentz force. In the case of y-axis actuation, the coils on the mirror plate induce the Lorentz force as shown in figure 3 (a). The coils which flow a current, I 1 , induce an upward force, F 1 , while the coils which flow a current, I 2 , induce a downward force, F 2 . These forces enable the mirror plate to rotate around the y-axis by the inner torsion bars as a central axis. In the case of x-axis and z-axis actuation, the coils on the cantilever actuators induce the Lorentz force. Figure 3(b) illustrates the x-axis actuation principle. In this case, the coils which flow current, I 3 and I 4 , induce upward force, F 3 , and this force lifts up the pair of cantilevers. The lifted cantilevers accordingly lift the frame. The other pair of cantilevers moves downward by the Lorentz force, F 4 , induced from current I 5 and I 6 , making the frame move downward. From this cantilever actuation, the frame rotates around the x-axis since two pairs of cantilevers actuate the same distance in opposite directions, respectively. If these two pairs of cantilevers are actuated in the same direction, the micromirror can move along the z-axis as shown in figure 3(c) because F 5 and F 6 are in the same direction. If opposite direction of current is applied on coils, the micromirror can be actuated in the opposite direction.
To predict the relationship between actuation current and displacement of the micromirror, the actuation is simulated using ANSYS with a simplified model. Figure 3 shows the actuation modes of each direction simulated using ANSYS. The resonant frequency of x-axis actuation is 5.369 kHz, that of y-axis actuation is 3.391 kHz and that of z-axis actuation is 7.258 kHz, respectively. These resonant frequencies allow this micromirror to be operated in sub-milliseconds.
The detailed dimensions of the fabricated structure are summarized in table 1.
Fabrication
The fabrication processes of the proposed micromirror are shown in figure 4 . Starting material is a SOI wafer with the top silicon of 5 μm and the buried oxide of 1 μm. The thickness of the top silicon directly determines the thickness of the proposed micromirror. Thermal oxide of 5000Å is grown and used for a dry etch mask in etching top silicon. Also, LPCVD silicon nitride is deposited for an etch mask of silicon anisotropic etch. Mirror frames and mirror plates are defined at the top silicon by reactive ion etching (RIE) using the thermal oxide as an etch mask ( figure 4(b) ). Then, Cr/Au is deposited for a seed metal layer for electroplating Au as shown in figure 4(c) . Next, lower Au coils are electroplated as shown in figure 4(d) . The 5 μm thick Au coils are electroplated using 10 μm thick AZ9260 photoresist as a mold. Because these electroplated Au coils present low intrinsic stress below 20 MPa, we can obtain a flat micromirror structure. In this process, the Au seed layer is also used as a reflector material on the mirror plate to reduce process complexity. Therefore, the seed layer is selectively removed with the photoresist mask as shown in figure 4 (f ). After electroplating the lower Au coils, photoresist is coated for a sacrificial layer to make an air gap and patterned for a contact. Following this, another Au layer is deposited as a seed layer. With photoresist as a mold, the bridge metal is electroplated as shown in figure 4 (h). These bridge metals have a role of connecting metal lines. Then, the photoresist used for the mold is removed in acetone. Next, silicon nitride is patterned on the backside with photoresist for an etch mask during anisotropic silicon etch. Using the buried oxide as an etch stop, silicon is etched from the backside in KOH using silicon nitride as an etch mask ( figure 4(i) ). After removing the buried oxide, the complete micromirrors are released as shown in figure 4(j ) . Figure 5 shows the pictures of the fabricated micromirror. Figure 5(a) shows the overall view of the fabricated micromirror.
The pictures show that the fabricated micromirror has a stress-free structure which is obtained from a thick silicon structure and an electroplated Au coil with low stress. The enlarged view of the mirror plate is shown in figure 5(b) . On the center of the mirror plate a thin gold film is deposited in order to increase the reflectivity of light at the mirror plate. Figure 5(c) shows the cantilever-type actuator used for x-axis actuation and z-axis actuation. The air bridge metal is used for electrical connection between two points while preventing wire crossing. Figure 5(d) shows the picture of a torsion bar. Metal lead wires are electroplated on the torsion bars for electrical connections. The total thickness of the torsion bars and lifting bars will be the sum of the top silicon thickness and the lead wire thickness, which is about 10 μm. These thick torsion bars enable mechanically stable operation under a large electromagnetic force induced from an external magnetic field.
Measurement and results
To measure deflection angles, current is applied to the Au coils. The diced micromirror is mounted on a PCB board using epoxy, and the metal pads on the micromirror and PCB board are connected by bonding wires. The actuation current is applied to the micromirror via the PCB board. Afterward, it is inserted between permanent magnets in a way to apply a magnetic field parallel to the x-axis of the micromirror as proposed in figure 2 . The magnetic field intensity is measured at the actuation point using a Gauss meter (F W Bell 5080). The measured magnetic field intensity is 0.16 T, which is equal to 1600 Gauss.
The rotational angle and z-axis movement
The rotational angle and the vertical displacement of the actuated micromirror are measured using a 3D laser profiler (Keyence VF-7500). This laser profiler scans the sample surface with a focused laser line and displays a 3D profile as shown in figure 6 . To measure the actuated displacement, the actuated mirror plate is scanned with a focused laser line from the 3D profiler, and the actuation angle is obtained by measuring the difference in the height between the left side and the right side of the mirror plate. As a result of rotation, the left part of the mirror plate is seen as dark while the other side is seen as bright, and the focus of the laser line is blur on the left side while focused on the right side as shown in figure 6 . The white line in figure 6 is the profile of the actuated micromirror. The profile is seen to be inclined on the mirror plate, and the slope of the profile increases with the rotation angle of the micromirror. The rotation angle can also be confirmed from the dimensional change in the sidewall of the mirror plate. The z-axis vertical movement of the micromirror is obtained by measuring the 3D profile of the z-axis actuated micromirror comparing to the fixed substrate. Actuation is measured by applying a constant current. The applied voltage can also be calculated with applied current and the Au coil resistance. Figure 7 shows the measured deflections of the micromirror as a function of applied current for x-axis, y-axis and z-axis actuation, respectively.
In the case of x-axis actuation, the maximum static deflection angle has been measured as 4.2
• at an applied dc current of 115 mA and an actuation voltage of 3.0 V. The total resistance of the coils on the cantilever-type actuators is 26.1 . In the case of y-axis actuation, the maximum static deflection angle has been measured as 9.2
• at an applied dc current of 120 mA and an actuation voltage of 3.0 V. The total resistance of the coils for y-axis actuation on the mirror plate is 25.0 . The z-axis vertical movement of the micromirror is 42 μm at an applied dc current of 115 mA and an actuation voltage of 3.0 V. The applied current is relatively large and there is a chance that this may induce electrothermal actuation. Therefore, we observed the electrothermal effect by applying current without a magnetic field. And, there was no electrothermal effect within the error range (<0.1 μm). However, the actuation current should be reduced for reducing power consumption, and it can be reduced by applying higher magnetic field intensity at the actuation point. If the fabricated micromirror is packaged with a permanent magnet, the magnetic field intensity can be increased by reducing the gap between the micromirror and permanent magnets. Furthermore, the actuation current can be reduced by maximizing the turns of coils on the actuators.
Radius of curvature (ROC)
The radius of curvature (ROC) of a micromirror is the factor which determines the flatness of the micromirror. A large ROC value of the micromirror implies that the micromirror has a flat surface and a low signal loss. Therefore, it is an important factor for the micromirror to maintain the desired length of the light path and to reduce the signal loss. To measure the ROC of the fabricated micromirror, its surface was characterized by using a Wyko NT2000 3D optical profiler as shown in figure 8 . The measured ROC of the fabricated micromirror is 7.72 cm around the y-axis and 5.76 cm around the x-axis. These are sufficient values even for large port optical crossconnect (OXC) systems, which require a high-performance micromirror [1, 18] as well as simple optical systems. It shows that the actuator coils and the reflector integrated on the mirror plate have little effect on the curvature of the fabricated micromirror due to a thick silicon structure.
Reflectivity
The fabricated micromirror is coated with Au to increase the reflectivity of incident light. In addition to the coated material on the mirror plate, the surface roughness of the micromirror is strongly related to its reflectivity. The micromirror with high reflectivity can reduce the signal loss on the mirror plate. To measure the surface roughness of the fabricated micromirror, the surface of the mirror plate is scanned with an atomic force microscope (AFM) in the contact mode. The measured root-mean-square roughness of the mirror surface is 1.29 nm, and this value represents that the reflectivity of the fabricated micromirror can be higher than 95% [19] .
Conclusions
We have proposed and fabricated a new three-axis actuated micromirror. This fabricated micromirror operates electromagnetically using an external magnetic field. The maximum static actuation values of the three-axis actuated micromirror have been measured as ±4.2
• at 115 mA for x-axis actuation, ±9.2
• at 120 mA for y-axis actuation and ±42 μm for z-axis actuation, respectively. The actuation voltages are below 3.0 V for all actuation. The simulated resonant frequencies are several kHz, and this implies that the fabricated micromirror can be operated in millisecond order which is sufficient for alignment. The measured ROC of the fabricated micromirror is over 5.76 cm, and the surface roughness of the micromirror is 1.29 nm. These values show that the signal loss of the micromirror is low enough to be applicable to large port optical cross-connect switch which requires a high-performance micromirror for its long optical path. The fabricated micromirror demonstrated large actuated static displacement at low actuation voltage. The mechanically robust torsion bar and lifting bar structure formed by bulk silicon allows the proposed micromirror to stably operate end extends the lifetime of the fabricated micromirror. The third z-axis actuation of the fabricated micromirror reduces the difficulty of assembly and increases the coupling efficiency of the micromirror-based active alignment module. Also, it can be used in optical systems such as optical switch, projection display and optical scanning, and it can increase system performance due to its large actuation angle and high degree of freedom with low actuation voltage. The applied current of the fabricated micromirror can be reduced by applying higher magnetic field intensity at the actuation point or by maximizing the number of turns of coils on the actuators.
